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Edited by Jesus AvilaAbstract The depletion of intracellular zinc with N,N,N 0,N 0-
tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) induces pro-
tein synthesis-dependent apoptosis. Here we examined the
involvement of caspase induction in apoptosis. Among the exam-
ined caspases, only caspase-11 was increased by TPEN. Cas-
pase-11 activity also increased, which resulted in caspase-3
activation. Cycloheximide or actinomycin D blocked caspase-
11 induction, reduced caspase-11 and -3 activation, and attenu-
ated TPEN-induced neuronal apoptosis. Blockade of caspase-
11 by a chemical inhibitor or genetic deletion attenuated
TPEN-induced apoptosis, indicating a critical role of caspase-
11 in TPEN-induced apoptosis. Although mitochondria-medi-
ated caspase-9/-3 activation also contributed to TPEN-induced
apoptosis, caspase-11 is likely a key inducible apoptosis-inducing
protein.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Zinc is essential for cell survival. Zinc is required for the nor-
mal function of many enzymes, zinc-ﬁnger transcription fac-
tors, and structural proteins, and for synaptic transmission
in the central nervous system (CNS) [1,2]. Drastic deviations
in intracellular zinc concentrations lead to cell death. Accumu-
lation of excess chelatable zinc in neurons can lead to neuronal
death after ischemia, epileptic seizures, or traumatic brain in-
jury [3]. In contrast, severe depletion of intracellular zinc in-
duces neuronal apoptosis [4–7].
Previous studies have demonstrated that zinc chelation by
N,N,N 0,N 0-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN),
a cell-permeant metal chelator, induced apoptosis in mouse
cortical cultures [5,7]. Similar to typically-induced apoptosis,
TPEN-induced neuronal apoptosis is accompanied by mor-
phological changes such as cell body shrinkage, nuclear con-Abbreviations: TPEN, N,N,N 0,N0-tetrakis(2-pyridylmethyl)ethylenedi-
amine; CHX, cycloheximide; ActD, actinomycin D; LDH, lactate
dehydrogenase; PI, propidium iodide; DIV, days in vitro; MEFs,
mouse embryonic ﬁbroblasts; MPT, mitochondrial potential transition
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In addition, TPEN-induced apoptosis is blocked by caspase
inhibitors. Importantly, as in some cases of typical neuronal
apoptosis, TPEN-induced apoptosis is dependent on macro-
molecule synthesis. This suggests a key role of certain inducible
apoptogenic proteins in cell death [5,6].
Although inducible apoptogenic proteins involved in neuro-
nal apoptosis have not yet been identiﬁed, recent evidence sug-
gests that various caspases may act as inducible killer proteins
[8–11]. Induction and activation of caspase-2, -3, -7, -8, -10, or
-11 were observed in neuronal apoptotic cell death that was in-
duced by DNA damage, nitric oxide (NO), or cerebral ische-
mia [8–11]. Expression levels of initiator caspases, rather
than eﬀector caspases, show the greatest tendency to change
more dynamically in response to apoptosis [8–11]. Caspase-
11 is prominently increased by a variety of apoptotic signals
[8,9].
Caspase-11 plays diverse roles in apoptosis, inﬂammation,
and cell migration [8,12–14]. Under normal conditions, cas-
pase-11 expression is very low, but it is highly inducible by
apoptotic signals or by stress [8,9,12,13]. As an initiator cas-
pase, caspase-11 directly activates caspase-1 and caspase-3
during inﬂammatory responses and apoptosis, respectively
[8,12,13]. While the activation of caspase-1 by caspase-11 leads
to the maturation and secretion of proinﬂammatory cytokines
IL-1b or IL-18, the cleavage of caspase-3 by caspase-11 leads
to apoptosis [8,12,13]. In addition, caspase-11 is involved in
the regulation of cell migration by promoting coﬁlin-mediated
actin depolymerization [14].
In the present study, we demonstrate that the induction of
caspase-11 contributes to TPEN-induced neuronal apoptosis
in cortical cultures.2. Materials and methods
2.1. Mouse cultures of cortical neurons and embryonic ﬁbroblasts
Cortical neuronal cultures were prepared from embryonic day 14–15
mice as described previously [5]. Dissociated cortical cells were plated
onto poly-L-lysine/laminin-coated plates (Nunc, Rochester, NY), ten
hemispheres per 24-well plate, in plating medium [Dulbeccos modiﬁed
Eagles medium (DMEM, GibcoBRL, Rockville, MD) with 20 mM
glucose, 38 mM sodium bicarbonate, 2 mM glutamine, 5% FBS and
5% horse serum (Cambrex Corp., East Rutherford, HJ)]. Cytosine ara-
binoside (10 lM) was added at DIV4.
Mouse embryonic ﬁbroblast (MEF) cells containing wild-type (cas-
pase-11+/+) or knock-out caspase-11 (caspase-11/) were grown in
DMEM supplemented with 10% FBS and 1% penicillin/streptomycin
(JBI, Korea) [12].blished by Elsevier B.V. All rights reserved.
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Cortical neuronal cultures (DIV7) or MEFs were exposed to TPEN
(Sigma, Saint Louis, MO) for 12–24 h in serum-free MEM (Eagles
minimal essential medium, GibcoBRL). Before treatment, pre-existing
medium containing serum was removed by multiple rinsing and re-
placed with serum-free MEM. Survival of neurons or MEFs for 12–
24 h was not compromised by switching to serum-free MEM. Caspase
inhibitors, cycloheximide (CHX), actinomycin D (ActD), or trolox
were added to serum-free MEM 1 h before and continuously through-
out TPEN exposure.2.3. Knockdown of caspase-11 with siRNA
Three diﬀerent caspase-11 siRNA sequences were designed and syn-
thesized (Invitrogen, Carlsbad, CA): Casp11-MSS202622 (5 0-AUAC-
CAAUGAUGUCAAAUUUAGCCC-3 0), Casp11-MSS202623 (5 0-A-
GAUCUACACCUCUGCACAACUGGG-3 0), and Casp11-MSS20-
2624 (5 0-UGUCUCGGUAGGACAAGUGAUGUGG-3 0). To deliver
siRNA sequences to cortical cultures, 128 pmol of each siRNA duplex
was mixed with 1.5 ll Lipofectamine RNAiMAX (Invitrogen) and
incubated for 48 h with 2 · 104 cortical cells.2.4. Estimation of cell death
To detect apoptotic cell death in cortical cultures or MEFs, propidi-
um iodide (PI) stained sections of cortical cells were examined under
ﬂuorescence microscopy (IX70, Exciter ﬁlter BP510-550/Barrier ﬁlter
B590; Olympus, Japan).
After morphological assessments under the microscope, cell death
was quantiﬁed by measuring the level of lactate dehydrogenase
(LDH) released from irreversibly damaged cells into the bathing med-
ium 12–24 h after the onset of TPEN exposure (unless speciﬁed other-
wise) [5,7]. Each LDH value was scaled to the maximal LDH release
(=100) after 24 h exposure to 100 lM N-methyl-D-aspartic acid
(NMDA) or 0.05% triton X-100 in sister cultures. NMDA induced
near-complete neuronal death, while triton X-100 induced near-com-
plete MEF death. All experiments were repeated at least three times,
using cultures from diﬀerent platings.Fig. 1. Induction and activation of caspase-11 occurs upstream of caspase-3
course of caspase-11 induction. RNA and protein samples were prepared from
treatment with 2 lM TPEN. (C) Enzymatic assays over the time-course of ca
scaled to control caspase-11 activity of sham sister cultures (means ± S.E.M,
(p < 0.05, two-tailed t-test). (D) Western blot analysis over the time-course o
protein band) was detected beginning at 9 h after TPEN treatment.2.5. RT-PCR
Total RNA was isolated using a High Pure RNA Isolation Kit
(Roche, Switzerland) and reverse-transcribed to cDNA using the oli-
go(dT)14 primer (Promega, Madison, WI). PCR was performed with
primer sets speciﬁc for each caspase or for D-glyceraldehyde-3-phos-
phate dehydrogenase (gapdh). PCR was completed in 35 cycles
(95 C for 1 min, 54 C for 1 min, and 72 C for 1 min). Primer se-
quences were designed using published cDNA sequences (Supplemen-
tary Table 1).2.6. Western blots
Cell lysates were prepared in lysis buﬀer (HEPES 50 mM, NaCl
150 mM, MgCl2 1.5 mM, EDTA 5 mM, EGTA 2 mM, Triton X-100
1%, SDS 0.5%; pH 7.4). Thirty microgram total protein was separated
by SDS-PAGE (10%) under reducing conditions and immunoblotted
with the appropriate antibody [anti-caspase-11 (Abcam, UK), -procas-
pase-3, -cleaved caspase-3, or caspase-9 (Cell signaling Technology
Inc., Beverly, MA)]. An actin immunoblot was used as a loading con-
trol.2.7. Caspase-11 enzymatic activity assay
To detect the enzymatic activity of caspase-11, cleavage of acVEHD-
amc (Peptron, South Korea), the speciﬁc substrate for caspase-11, was
measured using a ﬂuorometer (Molecular Devices, Union City, CA).
Protein lysates (750 lg total protein) were incubated with 100 lM ﬂuo-
rogenic tetrapeptide substrates (acVEHD-amc). Each ﬂuorescence va-
lue is presented as fold diﬀerence from the mean value of the sham
control.2.8. Flow cytometric analysis of the mitochondrial transmembrane
potential
Neuronal cultures were incubated with 2 lg/ml JC-1 (Molecular
Probes, Eugene, OR) at 37 C for 30 min, then washed three times with
PBS. After cells were harvested, the ratio of red to green ﬂuorescence
was determined using FACSCalibur (BD, Franklin Lakes, NJ).activation. (A) RT-PCR and (B) Western blot analysis over the time-
near-pure cortical neuronal cultures at the indicated time points after
spase-11 activation. Bars represent fold increases in caspase-11 activity
n = 4). * denotes a statistically signiﬁcant diﬀerence from sham controls
f caspase-3 activation. The active form of caspase-3 (cleaved caspase-3
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Neuronal cultures were ﬁxed in 4% paraformaldehyde at 4 C for
30 min, then permeabilized with 0.2% Triton X-100. After blocking
with normal donkey serum in PBS, cultures were incubated with an
anti-cytochrome C antibody at 4 C overnight. Cultures were then
incubated with a FITC-conjugated secondary antibody for 2 h. Micro-
scopic images were observed under a laser scanning microscope
(Eclipse TE2000-U, Nikon, Japan).2.10. Statistics
For statistical comparisons, two-tailed t-tests with a Bonferroni
correction for multiple comparisons were used.3. Results
We examined the induction of caspases is involved in TPEN-
induced neuronal apoptosis. RT-PCR results showed that cas-
pase-11 was the only caspase we examined that was signiﬁ-
cantly induced by TPEN (Fig. 1A and Supplementary
Fig. 1). The induction of caspase-11 protein occurred 15 min
after TPEN treatment (Fig. 1B).
We further investigated the ability of TPEN to increase cas-
pase-11 activity. A signiﬁcant increase in caspase-11 activity
occurred 6 h after the onset of TPEN treatment (Fig. 1C),Fig. 2. Caspase-11 induction is necessary for the subsequent activation of cas
or protein samples were prepared after 4 h exposure to 2 lM TPEN withou
caspase-11 activity. Near-pure cortical neuronal cultures were exposed to TPE
increases in caspase-11 activity scaled to sham controls (means ± S.E.M, n =
were prepared after 12 h exposure to TPEN with or without CHX, ActD, t
stained (lower) photomicrographs of identical ﬁelds of mouse cortical neuro
TPEN plus VAD. (F) LDH released (means ± S.E.M, n = 4 cultures) in m
without CHX, ActD, or trolox.although protein levels of caspase-11 began to increase at a
much earlier time. The onset of caspase-11 activation, how-
ever, was earlier than caspase-3 activation, as measured by
Western blot analysis (Fig. 1D). This suggests that caspase-
11 induction and activation occur upstream to caspase-3 acti-
vation.
Caspase-11 is an initiator caspase that leads to the activation
of caspase-3 [8,12]. Induction process is a well-known activa-
tion mechanism for caspase-11 [12]. Since TPEN-induced neu-
ronal death is sensitive to protein synthesis, we determined
whether the induction of caspase-11 was necessary for its pro-
tease activity and its ability to activate caspase-3.
Induction of caspase-11 at the mRNA level was blocked by
the mRNA synthesis inhibitor ActD, but not by the protein
synthesis inhibitor CHX (Fig. 2A). However, the induction
of caspase-11 at the protein level was blocked by both CHX
and ActD (Fig. 2B). Consistent with this result, ActD and
CHX markedly attenuated caspase-11 activity (Fig. 2C). ActD
and CHX, but not the antioxidant trolox, blocked the activa-
tion of the executor caspase-3 and neuronal death by TPEN
(Fig. 2D, E and F). These results indicate that caspase-11 acti-
vation is sensitive at the induction step.
The essential role of caspase-11 in zinc-depleted cell death
was then examined. The addition of zLEHD-fmk, a speciﬁcpase-3. (A) RT-PCR and (B) Western blot analysis of caspase-11. RNA
t or with 10 lg/ml CHX, or 300 nM ActD. (C) Enzymatic analysis of
N, TPEN plus CHX, or TPEN plus ActD for 10 h. Bars represent fold
4). (D) Western blot analysis of caspase-3 activation. Protein samples
rolox (Trlx), or zVAD-fmk (VAD). (E) Phase-contrast (upper) or PI-
nal cultures after 24 h exposure to TPEN alone, TPEN plus CHX, or
ouse cortical neuronal cultures after 24 h exposure to TPEN with or
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TPEN-induced neuronal apoptosis (Fig. 3A and B). The eﬀect
of genetic deletion of caspase-11 on TPEN-induced cell death
was investigated, since the chemical inhibitor zLEHD-fmk
blocks caspase-9 as well as caspase-11. Caspase-11 siRNA sig-
niﬁcantly down-regulated caspase-11 (Fig. 3C) and attenuated
both caspase-3 activation and cell death by TPEN in mouseFig. 3. Caspase-11 contributes to TPEN-induced apoptosis. (A) Phase-contra
near-pure cortical neuronal cultures after 24 h exposure to TPEN with or w
bar, 100 lm. (B) LDH release after 24 h exposure to TPEN with or without zV
zLEHD-fmk (caspase-9/11 inhibitor) (means ± S.E.M, n = 4 cultures). (C) W
obtained after 4 h (caspase-11) or 12 h (caspase-3) exposure to TPEN, pretrea
(Casp11-MSS202622) for 48 h. (D) LDH release after 24 h exposure to TPE
negative control (NC) or caspase-11 siRNA (Casp11-MSS202622) for 48 h (
negative control siRNA (p < 0.05, two-tailed t-test). (E) Phase-contrast (uppe
11 wild type (+/+) or deﬁcient MEF (/) exposed to 10 lMTPEN for 12 h. Ca
were shrunken. (F) Dose-dependent toxicity of TPEN in caspase-11+/+ or ca
12 h exposure to the indicated concentrations of TPEN (means ± S.E.M, n =
(p < 0.05, two-tailed t-test).cortical cultures (Fig. 3C and D). Additionally, genetic dele-
tion of caspase-11 noticeably attenuated TPEN-induced cell
death in MEF cells (Fig. 3C and D), indicating that caspase-
11 plays a critical role in TPEN-induced cell death.
TPEN-induced cell death was partially attenuated by cyclo-
sporine A, a speciﬁc inhibitor of the membrane permeability
transition pore [7]. Moreover, and in caspase-11-deﬁcientst (upper) or PI-stained (lower) photomicrographs of identical ﬁelds of
ithout 100 lM zLEHD-fmk, a speciﬁc inhibitor of caspase-11/9. Scale
AD-fmk (pancaspase inhibitor), zDEVD-fmk (caspase-3 inhibitor), or
estern blot analysis of caspase-11 and caspase-3. Neuronal lysates were
ted with a StealthTM RNAi negative control (NC) or caspase-11 siRNA
N from near-pure cortical neurons pretreated with a StealthTM RNAi
means ± S.E.M, n = 4 cultures). * denotes a signiﬁcant diﬀerence from
r) or PI-stained (lower) photomicrographs of the same ﬁelds of caspase-
spase-11+/+ MEFs showed ﬂat morphology, while caspase-11/MEFs
spase/ MEF. Data represent LDH released from MEF cultures after
4 cultures). * denotes a signiﬁcant diﬀerence from caspase-11
+/+ MEF
Fig. 4. The mitochondrial pathway is involved in TPEN-induced
apoptosis. (A) Flow cytometric analysis with JC-1 staining for the
time-course of MPT induction. Green ﬂuorescence was signiﬁcantly
increased from 6 h after TPEN treatment. (B) Confocal photomicro-
graphs of mouse cortical neuronal cultures for the detection of
cytochrome C release from mitochondrion to cytosol. Scale bar,
50 lm. Arrows and arrowheads denote cytochrome C release and
DNA fragmentation, respectively. (C) Western blot analysis over the
time-course of caspase-9 activation.
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completely reduced (Fig. 3D). Thus, the mitochondrial path-
way may still contribute to TPEN-induced apoptosis.
To further examine the role of the mitochondrial pathway in
TPEN-induced apoptosis, we compared the time-courses of
mitochondrial potential transition (MPT) induction, cyto-
chrome C release, and caspase-9 activation to the time-course
of caspase-3 activation. MPT induction, cytochrome C release,
and caspase-9 activation were detected between 6 and 10 h
after TPEN treatment (Fig. 4), suggesting that the mitochon-
drial pathway may also contribute to TPEN-induced neuronal
apoptosis.4. Discussion
Caspases are subdivided into two classes: apoptotic caspases
or inﬂammatory caspases [15]. Caspase-11, however, has dual
roles in both apoptosis and inﬂammation [8,13]. The formation
of the inﬂammasome by caspase-11, caspase-1, ASC (apopto-
sis-associated speck-like protein containing a CARD), and
cytosolic NLR (NOD-like receptor) is important in the cas-
pase-11-mediated inﬂammatory response. Additionally, acti-
vation of caspase-3 by caspase-11 is a key step in caspase-11-
mediated apoptosis [8,13,15]. Caspase-11 has the unique fea-
ture of using induction as an activation mechanism [12]. The
present results support this, as we demonstrate that caspase-
11 induction is a necessary event in TPEN-induced neuronal
apoptosis. Caspase-11 is likely a key inducible killer protein
in TPEN-induced neuronal apoptosis.
Previously, we observed protein synthesis-dependent, but
Bcl-2-independent, cytochrome C release 20 h after TPEN
treatment in mouse cortical neuronal cultures [7]. Although
Bcl-2 overexpressing SH-SY5Y cells showed resistance to
staurosporine, TEPN-induced cell death was not reduced by
Bcl-2 overexpression. These results suggest that cytochrome
C mediated-caspase-9 activation was not suﬃcient for cas-
pase-3 activation and subsequent neuronal apoptosis. Cas-
pase-11 may play an important role in caspase-3 activation
and TPEN-induced neuronal death. Further studies are needed
to examine the interactions between the mitochondria-medi-
ated pathway and the caspase-11-mediated pathway.
In this study, we have described a novel caspase-11-mediated
mechanism underlying zinc-depleted apoptosis induced by
TPEN in cultured cortical neurons. This provides important
insights into the mechanisms of TPEN-induced apoptotic cell
death.Acknowledgements: This study was supported by Grants from the
Korea Science & Engineering Foundation (KOSEF) to Yang-Hee
Kim (M10412000012-07N1200-01210 and R01-2006-000-10771-
0(2007)) and to Jae-Young Koh (M10600000181-06J0000-18110).Appendix A. Supplementary material
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febslet.2008.
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